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Despite widespread reporting on clinical results, the effect of meniscus allograft transplantation on the
development of osteoarthritis is still unclear. The aim of this study was to systematically review all
studies on the effect of meniscus allograft transplantation on articular cartilage in animals. Pubmed and
Embase were searched for original articles concerning the effect of meniscus allograft transplantation on
articular cartilage compared with both its positive (meniscectomy) and negative (either sham or non-
operated) control in healthy animals. Outcome measures related to assessment of damage to articular
cartilage were divided in ﬁve principal outcome categories. Standardized mean differences (SMD) were
calculated and pooled to obtain an overall SMD and 95% conﬁdence interval. 17 articles were identiﬁed,
representing 14 original animal cohorts with an average timing of data collection of 24 weeks [range 4
weeks; 30 months]. Compared to a negative control, meniscus allograft transplantation caused gross
macroscopic (1.45 [0.95; 1.95]), histological (3.43 [2.25; 4.61]) damage to articular cartilage, and osteo-
arthritic changes on radiographs (3.12 [1.42; 4.82]). Moreover, results on histomorphometrics and
cartilage biomechanics are supportive of this detrimental effect on cartilage. On the other hand,
meniscus allograft transplantation caused signiﬁcantly less gross macroscopic (1.19 [1.84; 0.54]) and
histological (1.70 [2.67; 0.74]) damage to articular cartilage when compared to meniscectomy.
However, there was no difference in osteoarthritic changes on plain radiographs (0.04 [0.48; 0.57]), and
results on histomorphometrics and biomechanics did neither show a difference in effect between
meniscus allograft transplantation and meniscectomy. In conclusion, although meniscus allograft
transplantation does not protect articular cartilage from damage, it reduces the extent of it when
compared with meniscectomy.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The menisci fulﬁll key biomechanical functions in the knee
joint1. Unfortunately, meniscal injuries are quite common, accom-
panied by acute clinical symptoms such as knee pain, locking, and
joint effusions. First documented treatments embraced swift and
total meniscectomy to ameliorate acute symptoms2. However, anJ.J. Rongen, Radboud Univer-
, PO Box 9101, 6500 HB Nij-
J. Rongen), Gerjon.Hannink@
udumc.nl (T.G. van Tienen),
n.Hooijmans@radboudumc.nl
ternational. Published by Elsevier Lincreased understanding of the osteoarthritic changes that occur
after meniscectomy made clear that it is beneﬁcial to save as much
meniscal tissue as possible3e5. Meniscus allograft transplantation
has been proposed as a promising treatment strategy for total
meniscectomy already in the mid 1980s6. The initial goal of this
treatment was to prevent, and possibly even reverse, the devel-
opment of osteoarthritic changes in the knee joint6e11. Encouraged
by the results of few animal studies clinical implantation was
experimented upon12. However, a limited availability of donor
menisci, and inconclusive results from meniscus allograft trans-
plantation on development of osteoarthritis in humans, shifted its
indication to treat localized pain after meniscectomy in a pre-
selected patient population9,13. Rosso et al. recently published a
systematic review on the clinical and radiographic outcomes of
meniscus allograft transplantation and its possible role intd. All rights reserved.
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articles a meta-analysis could not be performed, mainly because of
the lack of standardized evaluation methods to evaluate joint
changes. The authors concluded that any chondroprotective effect
in humans is still unclear. This result is not in accordance with their
expectations based on the single animal study they refer to15.
Although it is not uncommon for animal studies not to correspond
(well) to results from clinical studies it does raise the questionwhat
the actual effect is of meniscus allograft transplantation on the
articular cartilage in animals16. Therefore, we performed a sys-
tematic review and meta-analysis of all available preclinical studies
we identiﬁed for this review, on the effect of meniscus allograft
transplantation on the articular cartilage in animals. In addition, we
discussed to what extent results from animals in meniscus related
research can be translated to humans.
Methods
This systematic review investigates the effect of meniscus allo-
graft transplantation on articular cartilage in animals. The inclusion
criteria and method of analysis were speciﬁed in advance and
documented in a protocol17.
Search strategy and selection of studies
Pubmed and Embase were searched (last search performed July
29th, 2014) for original articles concerning the effect of meniscus
allograft transplantation on articular cartilage compared with both
its positive (meniscectomy) and negative (either sham or non-
operated) controls in healthy animals. The search strategy,
composed of three elements (meniscus, allograft, and animals), was
developed in collaboration with information specialists from the
medical library of the Radboud universitymedical center Nijmegen,
the Netherlands18. To detect all animal studies search ﬁlters for
Pubmed and Embase were used19,20. The detailed search strategy is
provided in Supplementary ﬁle 1.
Reference lists of the selected relevant (review-) papers were
screened for potentially missed papers, and no restrictions (e.g.,
language or publication date) were imposed. Search results were
imported in EROS (Early Review Organizing Software, developed by
Institute of Clinical Effectiveness and Health Policy, Buenos Aires,
Argentina) to remove duplicates, and randomly allocate references
to two independent reviewers responsible for screening and se-
lection (JR, GH). Discrepancies were resolved by discussion and if
necessary a third reviewer was consulted (CH).
Initially, during the screening phase, primary studies evaluating
meniscus allograft transplantation in healthy animals were selected
based on their title and abstract only. In the event that there was
insufﬁcient information to make a valid judgment, the whole
publication was evaluated.
Full-text copies of all publications eligible for inclusion were
subsequently assessed and included when they met our pre-
speciﬁed inclusion criteria: 1) a controlled interventional design
(meniscectomy as a positive control and/or either sham or non-
operated as a negative control); 2) description of (semi-) quanti-
tative outcome measures related to articular cartilage damage
(radiographic assessment, gross macroscopic assessment, histo-
logical/histochemical based grading, immunohistochemistry based
grading, histomorphometry, magnetic resonance imaging (MRI),
and/or biomechanical characterization).
Data extraction
Next to bibliographic details, information was extracted related
to: study design; animal model; intervention; outcome measures;and information related to exclusion of animals from analysis.
Outcome measures related to assessment of damage to articular
cartilage were divided in ﬁve principal outcome categories1) Gross
macroscopic assessment of damage (Grading or determining the
area of articular cartilage with gross morphological changes, ICRS
scores, Outerbridge scores, either with or without staining
methods); 2) Medical imaging of changes related to osteoarthritis
(plain radiographical (Kellgren & Lawrence) and MRI based classi-
ﬁcations of morphological changes); 3) Histological histochemical
grading of changes in articular cartilage (Mankin Grading method);
4) Histomorphometrics (any kind of quantitative study on micro-
scopic images of articular cartilage); and 5) Biomechanical char-
acterization of articular cartilage (tensile and compressive
measures of stiffness). Raw data or group averages (mean, median),
standard deviation (SD), standard error (SE) or ranges and number
of animals per group (n) were extracted for all (semi-) continuous
and ordinal outcome measures respectively. Attempts were made
to obtain original data by contacting authors if results were pre-
sented incomplete or graphically only. If not otherwise possible,
graphically presented data was converted to numerical data using
digital ruler software (Plot Digitizer, University of South Alabama,
USA)21,22.
Risk of bias assessment
The internal validity of the included studies was assessed, by
two reviewers independently (JR, GH), using SYRCLE's risk of bias
tool23. This tool is based on the Cochrane risk of bias tool24 and has
been adjusted for particular aspects of bias that play a role in animal
intervention studies. It contains ten entries related to six types of
bias (selection, performance, detection, attrition, reporting and
‘other’ bias). The score ‘yes’ indicates a low risk of bias, ‘no’ indicates
high risk of bias, and ‘?’ indicates an unclear risk of bias. We used
the provided signaling questions wherever possible.
Reporting of experimental details on animals, methods and
materials was expected to be poor25. To overcome the problem of
judging too many items as unclear risk of bias two entries were
added: 1) reporting of any measure of randomization, and 2)
reporting of any measure of blinding23. For these two items, a ‘yes’
indicates reported, and a ‘no’ indicates unreported.
Data analysis
A meta-analysis was performed whenever three or more inde-
pendent comparisons per outcome category could be included
(provided that outcome measure assessments were sufﬁciently
comparable in terms of entity), and standardized mean differences
(SMD)were calculated (SMD¼ themean of the experimental group
minus the mean of the control group divided by the pooled SDs of
the two groups). Despite anticipated heterogeneity, the individual
effect sizes were subsequently pooled to obtain an overall SMD and
95% conﬁdence interval. We used a random effects model26 which
takes into account the precision of individual studies and the
variation between studies and weights each study accordingly.
Heterogeneity was addressed by I2 which is the proportion of total
variance explained by heterogeneity. With respect to the different
time points of data collection across several studies, only results
obtained equal or later than twelve weeks following index inter-
vention were included in the meta-analysis. The latter is based on
the assumption that, at least in sheep, damage to the articular
cartilage is readily observed 3 months after meniscal destabiliza-
tion procedures27. If multiple independent experimental groups
were compared with the same control group within the same
meta-analysis the number of animals in the control group was
corrected by dividing it by the number of comparisons. In the case
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principal outcome category was presented, only one was included
in the meta-analysis (continuous outcome measures were favored
above semi quantitative and ordinal ones). For those outcome
measures, of which results were presented separately for different
anatomic regions in the knee joint, the tibia or its central weight
bearing zone was used because this area is expected to demon-
strate the highest degree of damage28. If contralateral knees were
presented as paired non-operated controls, we solely used the
paired controls of the meniscus allograft transplantation as nega-
tive controls. Because several authors presented and/or analyzed
their ordinal data as continuous, and it was not possible to obtain
raw data for each data set, results of ordinal scales were meta-
analyzed as continuous data. In case the SD of the control group
was zero, we used the SD of the experimental group instead to be
able to calculate a SMD.
Subgroup analyses were performed only if the subgroups con-
tained a minimum of 3 independent comparisons. Subgroups were
pre-speciﬁed in our protocol and analyses were planned for animal
species (large/small), compartment of intervention (medial/
lateral), and time of implantation after meniscectomy (delayed/
immediate). Although not pre-speciﬁed, a subgroup analysis was
additionally performed for timing of data collection as from
meniscectomy (<6 months (26weeks)/ 6 months (26weeks)).
Publication bias was addressed bymeans of a funnel plot, but only if
at least ten studies could be included.Fig. 1. Flow diagram of the systematic review aIn order to assess the robustness of our ﬁndings and in an
attempt to further explain observed study heterogeneity, we per-
formed a sensitivity analysis and investigated the effect of study
quality and changing the time point of data collection from 3 to at
least 6 months follow-up.
Results
Study descriptives
The search strategy retrieved 377 unique records; subsequent
selection procedure resulted in 17 eligible articles, representing 14
original animal cohorts (Fig. 1)15,29e44. Both Aagaard et al.36,37 and
Rijk et al.32e34 conﬁrmed that results of one single animal cohort
were presented in more than one article. Overall, characteristics
varied considerably between studies: Sheep (n¼ 7), rabbits (n¼ 7),
goat (n ¼ 1), dogs (n ¼ 1), and rats (n ¼ 1), either males or females
were used as animal models; they were operated upon uni- and
bilaterally on the medial and lateral tibiofemoral compartment;
and the follow up times ranged from 4 weeks to 30 months
(Table I).
Risk of bias and quality of reporting
The risk of bias assessment, summarized in Fig. 2, shows that
many items were scored unclear risk of bias which can bend meta-analysis literature search results.
Table I
Study characteristics of the included studies
Study ID Animal characteristics Study characteristics Allograft characteristics
Reference Species
(strain)
Sex Age ʊ Weight
(kg) ʊ
Experimental groups
(n per time of
data collection)
Control groups
(n per time of
data collection)
Paired
controls¤
Med
or Latx
Surgery
uni/biǂ
Timing data
collection from
meniscectomy
Early
postoperative
rehabilitationɸ
Preservation Graft
sterilization
Graft sizing Graft ﬁxation
Mora 2003 Sheep (*) * * 30e32 All(8) C(8); M(8) No med uni 6 Mo Closed
conﬁnement
Deep frozen * * Transosseous
þ direct
sutures
Kelly 2006 Sheep
(CXR)
F * 70e80 All(8 þ 8þ1) S(2 þ 2þ0);
M(12 þ 12þ0)
Yes lat uni 2, 4, 12 mo Closed
conﬁnement
Fresh * Weight matching
þ morphometrics
Transosseous
þ direct
sutures
Szomor 2000 Sheep
(mblc)
* * 40e50 All(8) S(4); M(8); Au(8) No med uni 16 wk Closed
conﬁnement
Fresh * * Mitek GII suture
anchors
Jackson 1992 Goats
(Spanish)
F * 35e40 All(10); cAll(10) S(6); Au(10) Yes med uni 6 Mo No restriction Fresh &
cryopreserved
* * Anchoured bone
plugs
Rijk 2002/2004/2006 Rabbits
(NZW)
F * 3e3.5 All(7 þ 7); dAll(0 þ 7) S(2 þ 2); M(7 þ 7) Yes/no med uni 6 wk,12 mo No restriction Fresh * * Direct suture
Elliott 2002 Dogs
(mongrel)
* * 25e35 All(10) M(10) Yes med uni 12 wk No restriction Fresh * Weight matching Direct suture
Aagaard 1999/2003 Sheep
(icelandic)
F 12
e18
mo
40e55 S-M(6 þ 5); S-All(0 þ 5); S-dAll(0 þ 5);
M-All(0þ 5); M-dAll(0þ 5); All-dAll(0þ 5)¥
No med bi 3, 6 mo No restriction Fresh * Not Transosseous
suture
Cummins 1997 Rabbits
(NZW)
M * 4.0e4.5 All(8 þ 0); dAll(0 þ 8) M(8 þ 8); Yes med uni 3, 6 mo No restriction Deep frozen * * Direct suture
McNickle 2009 Sheep
(Dorset)
* ±1 yr 50e60 All(3 þ 6); sAll(3 þ 6) M(2 þ 2) Yes med uni 2, 4 mo * Deep frozen BioCleanse1
protocol
* Transosseous
þ direct
sutures
Jiang 2012 Rabbits
(NZW)
M * 2.0e2.5 All-M(8 þ 8þ8); XEN-S(8 þ 8þ8) ¥ No med bi 6, 12, 24 wk No restriction Deep frozen Gamma
irradiation
* Direct suture
Zwierzchowski 2012 Rabbits
(NZ)
M * 3.5e4.0 Ally(8); AU(8) S(6) No med uni 6 mo No restriction Culture medium * * Transosseous
þ direct
sutures
Wada 1997 Rabbits
(NZ)
* 7e8
mo
3.5e4.0 All-M(0 þ 16þ16 þ 15) ¥ C(12 þ 0þ0 þ 0) No med bi 0, 9, 12, 26 wk No restriction Fresh * Weight/age
matching
Direct suture
Edwards 1996 Sheep
(Merino)
F * 65e70 M-C(1); All-C(3); All-M(3); Au-M(5);
M-M(1); M-All(1) ¥
No med bi Mean 21.4 mo
[range 13e30]
Closed
conﬁnement
Deep frozen * * Bone plugs
þ direct
sutures
Yamasaki 2008 Rats (SD) * 14
wks
* All-Mz (*þ*); mscAll-M (*þ*)z No med bi 4 or 8 wk * Deep frozen * * *
Abbreviations: Mo ¼ months; yr ¼ years; wk ¼ weeks; All ¼ meniscus allograft; cAll ¼ cryopreserved allograft; dAll ¼ delayed allograft transplantation; S ¼ sham procedure; C ¼ unoperated control; M ¼ meniscectomy;
Xen ¼ xenograft; Au ¼ meniscus autograft; mscAll ¼ meniscus allograft seeded with mesenchymal stromal cells derived from bone marrow; * ¼ not mentioned/unknown; ? ¼ unclear; ʊ ¼ age and weight at start of study; CXR ¼
Columbian X Rambouillet; NW ¼ New Zealand; NWZ ¼ New zealand white; SD ¼ SpragueeDawley; MBLC ¼ merino-border leister crossbred; ¤ ¼ knee contralateral to intervention served as a paired unoperated control;
x ¼ procedures on eithermedial or lateral meniscus; ǂ¼ surgery procedures either uni- or bilaterally within one animal; ɸ¼ closed conﬁnement (e.g., limited space tomove around) for ﬁrst time period after index surgery; y ¼meniscus
allograft was implanted two weeks after removal of the meniscus and stored in culture medium containing both fetal calf serum and antibiotics; z ¼ the meniscus allograft was treated with EDTA for the purpose of decalciﬁcation and
freeze thawed three times to kill all the meniscal cells; ¥ ¼ combinations of procedures performed on both legs are given and separated by  sign.  ¼ In the 2002 study all nonoperated contralateral knees served as paired controls,
whereas for the 2004 and 2006 studies only the nonoperated left knee joints of 6 rabbits were selected at random before surgery to serve as a control group.
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studies45. For example, 9 of the 17 studies mentioned randomi-
zation at any level. However, none of these studies mentioned
neither their methods of randomization nor sufﬁcient details to
judge its adequacy, and were therefore judged as unclear risk of
bias. Twelve of the 17 studies stated that their experiment was
blinded at any level, in all cases this implied that the outcome
assessor was blinded. The individual scores of each study are
presented in Supplementary ﬁle 2.
Effect of meniscus allograft on articular cartilage
Out of the 14 original animal cohorts, 20 independent experi-
mental groups could be identiﬁed which underwent meniscus
allograft transplantation and had a follow up longer than or equal
to 12 weeks. Only Yamasaki et al. provided results prior to 3months
(4 or 8 weeks) and was therefore not included in any analysis44.
Aagaard et al.36,37, Jiang et al.40, Rijk et al.32e34 and McNickle et al.39
provided additional data by request, although the latter two were
not able to retrieve all the requested information.
Gross macroscopic assessment
Results of studies included in a meta-analysis. Nine and 10 com-
parisons could be included in a meta-analysis concerning gross
macroscopic damage between meniscus allograft transplantation
with either meniscectomy or a negative control, respectively. The
average timing of data collection from meniscectomy was 21.3
weeks (range [12 weeks; 6 months]). Meniscus allograft trans-
plantation demonstrated signiﬁcantly less gross macroscopic
damage when compared with meniscectomy (effect size 1.19
[1.84; 0.54], I2 ¼ 63%, Fig. 3(a)), but demonstrated more damage
compared with a negative control (effect size 1.45 [0.95; 1.95],
I2 ¼ 42%, Fig. 3(b)).
Results of studies not included in the meta-analysis. Elliot et al.35
analyzed their results by using principal component analysis,
providing factor loadings instead of descriptive results on gross
macroscopic damage, and was therefore not included in the meta-Fig. 2. Risk of bias, averaged per item yes ¼ low risk ofanalysis. Elliot et al.35 described signiﬁcant more degenerative
changes in the morphological appearance of the articular cartilage
following meniscal allograft transplantation compared with the
non-operated control (in line with the meta-analysis), but differ-
ences between meniscectomy and meniscal allograft trans-
plantation were not observed (not in line with the meta-analysis).
Medical imaging
Results of studies included in a meta-analysis. Four comparisons
could be included in a meta-analysis concerning osteoarthritic
changes on plain radiographs between meniscus allograft trans-
plantation with either meniscectomy or a negative control. The
average timing of data collection from meniscectomy was 55.9
weeks (range [6 months; 30 months]). There was no difference in
osteoarthritic changes between meniscus allograft transplantation
andmeniscectomy (effect size 0.04 [0.48; 0.57], I2¼ 0%, Fig. 4(a)).
Meniscus allograft transplantation demonstrated signiﬁcantly
more osteoarthritic changes compared to a negative control (effect
size 3.12 [1.42; 4.82], I2 ¼ 69%, Fig. 4(b)).
Results of studies not included in the meta-analysis. Whereas the
studies included in the meta-analysis assessed osteoarthritic
changes on plain radiographs, Kelly et al.15 assessed morphologic
changes in cartilage, bone, and bone marrow by using MRI.
Because MRI and plain radiographs measure different entities of
osteoarthritic changes the study of Kelly et al.15 was not included
in the meta-analysis. Kelly et al.15 demonstrated less MRI based
morphologic degenerative changes for meniscus allograft trans-
plantation when compared with meniscectomy (not in line with
the meta-analysis). However, more degenerative changes were
observed for meniscus allograft transplantation when compared
with the non-operated controls (in line with the meta-analysis).
Spin echo T2 quantitative relaxation maps demonstrated better
results for the non-operated controls when compared with
meniscus allograft transplantation (in line with the meta-
analysis), but there was no difference between meniscus allo-
graft transplantation and meniscectomy (in line with the meta-
analysis).bias, no ¼ high risk of bias, ? ¼ unclear risk of bias.
Fig. 3. Effect of meniscus allograft transplantation on cartilage: gross macroscopic assessment Forest plots of the included studies which used gross macroscopic assessment to
determine the damage of articular cartilage observed after meniscus allograft transplantation compared with meniscectomy (a) and a negative control (b). Forest plots display the
SMDs, 95% conﬁdence interval and relative weight of the individual studies. The diamond indicates the global estimate and its 95% conﬁdence interval. s-All ¼ sterile meniscus
allograft; a-All ¼ aseptic meniscus allograft; d-All ¼ delayed meniscus allograft transplantation; f-All ¼ fresh meniscus allograft; c-All ¼ cryopreserved meniscus allograft.
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Results of studies included in a meta-analysis. 11 comparisons could
be included in a meta-analysis concerning histological histo-
chemical grading of articular cartilage damage between meniscus
allograft transplantation with either meniscectomy or a negative
control. The average timing of data collection from meniscectomyFig. 4. Effect of meniscus allograft transplantation on cartilage: medical imaging Forest plot
osteoarthritis observed after meniscus allograft transplantation compared with meniscectom
and relative weight of the individual studies. The diamond indicates the global estimate anwas 26.5 weeks (range [12 weeks; 12 months]). Notably, the
Mankin score was used by all authors, but often modiﬁed and
presented for various anatomical regions. Meniscus allograft
transplantation demonstrated less histological damage to articular
cartilage compared with meniscectomy (effect size 1.70
[2.67; 0.74], I2 ¼ 84%, Fig. 5(a)). However, meniscus allografts of the included studies which used plain radiographs to determine changes related to
y (a) and a negative control (b). Forest plots display the SMDs, 95% conﬁdence interval
d its 95% conﬁdence interval. d-All ¼ delayed meniscus allograft transplantation.
J.J. Rongen et al. / Osteoarthritis and Cartilage 23 (2015) 1242e12531248transplantation showed more histological damage to cartilage
compared with a negative control (effect size 3.43 [2.25; 4.61],
I2 ¼ 82%, Fig. 5(b)).
Results of studies not included in the meta-analysis. Elliot et al.35
analyzed their results by using principal component analysis,
providing factor loadings instead of descriptive results on gross
macroscopic damage, and was therefore not included in the meta-
analysis. Elliot et al.35 described more degenerative changes in the
histological appearance of the articular cartilage followingmeniscal
allograft transplantation compared with the non-operated control
(in line with the meta-analysis). Differences in degenerative
changes between meniscectomy and meniscal allograft trans-
plantation were not observed (not in line with the meta-analysis).
Histomorphometrics
There were ﬁve studies that used any kind of quantitative study
on microscopic images of articular cartilage to assess the effect of
meniscus allograft on articular cartilage. The nature of these mea-
surements was so divers (e.g. measuring different entities) that
pooling of the individual effect sizes was not suitable. Results of
individual studies are summarized in Fig. 6. Three of the 9 com-
parisons, of which 2 were independent, demonstrated a signiﬁcant
difference in damage to articular cartilage between meniscus
allograft transplantation and meniscectomy, but in favor of
different treatments. The remaining 6 comparisons, of which 3Fig. 5. Effect of meniscus allograft transplantation on cartilage: histological-histochemica
grading to determine the damage of articular cartilage observed after meniscus allograft
plots display the SMD, 95% conﬁdence interval and relative weight of the individual stu
All ¼ delayed meniscus allograft transplantation.were independent, did not demonstrate any signiﬁcant difference
in damage [Fig. 6(a)].
Nine of the 13 comparisons, of which 5 were independent,
demonstrated signiﬁcant less damage to articular cartilage in
favor for the negative control compared with meniscus allograft
transplantation. The remaining 4 comparisons, of which 2 were
independent, did not demonstrate any signiﬁcant difference
[Fig. 6(b)].Biomechanics
Two studies used biomechanical characterization to address the
effect of meniscus allograft transplantation on articular cartilage.
Compared to meniscectomy, one comparison did, and one did not
demonstrate a signiﬁcant difference in stiffness in favour of
meniscus allograft transplantation [Fig. 7(a)]. Compared to a
negative control, two comparisons demonstrated a signiﬁcant
lower stiffness of articular cartilage after meniscus allograft trans-
plantation [Fig. 7(b)].Subgroup analysis
Because of the relative low number of included studies it was
not possible to perform statistical robust subgroup analyses for all
planned subgroups. For those subgroups that included more than 3
studies, the effect estimates were described in Table II. None ofl grading Forest plots of the included studies which used histological-histochemical
transplantation compared with meniscectomy (a) and a negative control (b). Forest
dies. The diamond indicates the global estimate and its 95% conﬁdence interval. d-
Fig. 6. Effect of meniscus allograft transplantation on cartilage: histomorphometrics Forest plots of the included studies which used any kind of histomorphometrics to determine the
damage of articular cartilage observed after meniscus allograft transplantation compared with meniscectomy (a) and a negative control (b). Forest plots display the SMD and 95% con-
ﬁdence interval of the individual studies. The Forest plots were manually adapted so that the direction of effect has the same meaning across the different outcome measures. Readers
should note that different outcome measures within the same study are not independent, and thus should not be pooled. dAl ¼ delayed meniscus allograft transplantation.
Fig. 7. Effect of meniscus allograft transplantation on cartilage: biomechanics Forest plots of the included studies which used biomechanical tests to determine the damage of
articular cartilage observed after meniscus allograft transplantation compared with meniscectomy (a) and a negative control (b). Forest plots display the SMD and 95% conﬁdence
interval of the individual studies.
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the groups.Publication bias
Because of the low number of studies that were included in the
meta-analyses, a funnel plot was not created.Sensitivity analysis
Changing the time point for data collection from 3 to at least 6
months follow-up did not change the outcome of results. Due to
poor reporting of experimental details the results from the risk of
bias could not be implemented as a screening part in the sensitivity
analysis.Discussion
The concept of meniscus allograft transplantation was
conceived to prevent degeneration of articular cartilage in the
meniscectomized knee6e11. So far, despite widespread reporting on
clinical results, the effect of meniscus allograft transplantation on
the development of osteoarthritis is still unclear14. This is not in line
with expectations from the animal study referred to by the recently
published meta-analysis14. We therefore conducted this study to
systematically review all studies on the effect of meniscus allograft
transplantation on articular cartilage in animals.
From this systematic review and meta-analysis, which included
studies with an average timing of data collection of 28weeks (range
[12 weeks; 30 months]), it becomes clear that compared to a
negative control, meniscus allograft transplantation causes gross
macroscopic and histological damage to articular cartilage, and
osteoarthritic changes on plain radiographs. Moreover, results on
Table II
Effect sizes of subgroup analysis
Subgroups (n) Comparison Outcome measure Effect size [95% CI]
Animal species
Middle (2)/Large (2) Allograft vs. meniscectomy Medical imaging n.e./n.e.
Middle (3)/Large (6) Allograft vs. meniscectomy Gross macroscopic assessment 1.43 [2.00; 0.86]/1.05 [2.11, 0.01]
Middle (6)/Large (5) Allograft vs. meniscectomy Histological-histochemical grading 2.06 [3.64; 0.48]/1.35 [2.62; 0.09]
Middle (2)/Large (2) Allograft vs. neg. control Medical imaging n.e./n.e.
Middle (2)/Large (8) Allograft vs. neg. control Gross macroscopic assessment n.e./1.32 [0.78; 1.85]
Middle (6)/Large (5) Allograft vs. neg. control Histological-histochemical grading 3.02 [1.60; 4.44]/4.11 [1.91; 6.31]
Timing allograft transplantation
Immediate (3)/delayed (1) Allograft vs. meniscectomy Medical imaging 0.13 [0.47; 0.72]/n.e.
Immediate (8)/delayed (1) Allograft vs. meniscectomy Gross macroscopic assessment 1.51 [1.92; 1.09]/n.e.
Immediate (8)/delayed (3) Allograft vs. meniscectomy Histological-histochemical grading 2.02 [3.19; 0.85]/0.98 [3.17; 1.21]
Immediate (3)/delayed (1) Allograft vs. neg. control Medical imaging 2.81 [0.82; 4.80]/n.e.
Immediate (9)/delayed (1) Allograft vs. neg. control Gross macroscopic assessment 1.30 [0.85; 1.75]/n.e.
Immediate (8)/delayed (3) Allograft vs. neg. control Histological-histochemical grading 3.58 [2.07; 5.10]/3.26 [0.83; 5.68]
Compartment of intervention
Medial (4)/Lateral (0) Allograft vs. meniscectomy Medical imaging 0.04 [0.48; 0.57]/n.e.
Medial (9)/Lateral (1) Allograft vs. meniscectomy Gross macroscopic assessment 1.02 [1.66; 0.38]/n.e.
Medial (10)/Lateral (1) Allograft vs. meniscectomy Histological-histochemical grading 1.26 [2.08; 0.43]/n.e.
Medial (4)/Lateral (0) Allograft vs. neg. control Medical imaging 3.12 [1.42; 4.82]/n.e.
Medial (9)/Lateral (1) Allograft vs. neg. control Gross macroscopic assessment 1.37 [0.84; 1.89]/n.e.
Medial (10)/Lateral (1) Allograft vs. neg. control Histological-histochemical grading 2.94 [1.90; 3.98]/n.e.
Timing of data collection
Timing < 6mo (0)/Timing  6mo (4) Allograft vs. meniscectomy Medical imaging n.e./0.07 [0.50; 0.64]
Timing < 6mo (6)/Timing  6mo (4) Allograft vs. meniscectomy Gross macroscopic assessment 1.37 [1.90; 0.84]/0.95 [2.48; 0.58]
Timing < 6mo (5)/Timing  6mo (6) Allograft vs. meniscectomy Histological-histochemical grading 3.10 [5.22; 0.99]/0.93 [1.84; 0.01]
Timing < 6mo (0)/Timing  6mo (4) Allograft vs. neg. control Medical imaging n.e./3.12 [1.42; 4.82]
Timing < 6mo (6)/Timing  6mo (4) Allograft vs. neg. control Gross macroscopic assessment 1.42 [0.73; 2.12]/1.52 [0.74; 2.31]
Timing < 6mo (5)/Timing  6mo (6) Allograft vs. neg. control Histological-histochemical grading 3.90 [1.85; 5.96]/3.05 [1.52; 4.59]
The effect sizes and 95% conﬁdence intervals (95%CI) for different subgroups are presented. The n reﬂects the number of independent comparisons. N.e. ¼ not estimated.
Timing < or  6mo ¼ timing of data collection from meniscectomy earlier or equal/later than 6 months (26weeks). Large animals ¼ sheep/goats; Middle animals ¼ dogs/
rabbits.
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meniscus allograft transplantation has a detrimental inﬂuence on
articular cartilage. Although showing damage to articular cartilage,
meniscus allograft transplantation causes signiﬁcantly less gross
macroscopic and histological damage to articular cartilage when
compared to meniscectomy. However, this difference in favour of
meniscus allograft transplantation is not observed for osteoarthritic
changes on plain radiographs. Results on histomorphometrics and
biomechanics do neither appear to show a clear difference in
damage to articular cartilage between meniscus allograft trans-
plantation and meniscectomy. Osteoarthritis is characterized by a
molecular phase, a pre radiographic phase, and a recalcitrant
radiographic phase with evident structural joint changes46. In this
continuum of osteoarthritic stages we interpret our results as such
that, although both meniscus allograft transplantation and menis-
cectomy cause structural joint changes, damage to articular carti-
lage is less extensive after meniscus allograft transplantation.
Some methodological issues which might hamper the inter-
pretation of the experimental animal data and the subsequent
translation to the clinical setting have to be discussed.
First, the heterogeneity among the various animal studies was
substantial. Unfortunately, unraveling this heterogeneity by per-
forming subgroup analyses was not feasible due to too low number
of independent comparisons within subgroups. The soundness of
pooling different animal species and models within a single meta-
analysis could be questioned. However, consistent results across
species and models do provide some reassurance that the observed
effect is reliable. Moreover, subgroup analysis did not demonstrate
differences in results between large (sheep/goats) and middle
(dogs/rabbits) animals. In addition, from a biomechanical point of
view, the meniscus has the same function across different species:
load distribution over two incongruent moving articular surfaces.
Removing it will inﬂict pathological (peak) stresses causingarticular cartilage to be damaged. To what extent this damage oc-
curs, at what rate, and with what clinical symptoms could well be
species speciﬁc. For example, it has been demonstrated that sheep
show changes in kinematics after meniscectomy comparable to
humans27. Rabbits only show little change in knee kinematics47,
and rats show only minor changes in static weight-bearing after
meniscectomy48,49. Unfortunately, due to too few comparisons,
assessing differences in extent of damage between animal species
could not be performed in this review.
The minimum of twelve weeks as a time point of data collection
used in the present study was based on the assumption that, at
least in sheep, damage to the articular cartilage is readily observed
3 months after meniscal destabilization procedures. It is possible
that adequate duration would be different for different animals/
species.
With the combination of consistent results across species and
models, the theoretical background, and the results of the subgroup
analysis in mind, we have no arguments that show that it might be
better to only focus on large animals.
We did not differentiate for time from meniscectomy to
meniscus allograft transplantation (e.g., delayed transplantation). It
could well be that delayed meniscus allograft transplantation per-
forms worse in comparison to immediate transplantation, because
there is a time period in which the cartilage is overloaded. This
seems as an important question to address, looking to the current
clinical situation in which humans receive a meniscus allograft a
substantial time period after the removal of their meniscus (Rosso
et al. reported an overall weighted average time between menis-
cectomy and meniscus allograft transplantation of 15.16 years
(range,1.1e35.8 years)14). However, a fallacy here is that the current
the indication of meniscus allograft transplantation is not the
prevention of osteoarthritis but to treat localized pain post
meniscectomy in a selected patient population. Not differentiating
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theoretically underestimates the protective effect on damage to
articular cartilage when compared to meniscectomy.
Second, poor reporting of crucial pieces of information in the
included articles is of serious concern, and limited the application
of the SYRCLE's risk of bias tool. Regrettably, this is not uncommon
practice in animal studies, limiting the ability to draw reliable
conclusions. This concern is also shared and addressed by oth-
ers25,45,50e52. It is crucial that the poor reporting in animal studies is
addressed and future studies should improve on this, allowing
others to be able to replicate and build on previously published
work. Ultimately, with better reporting, systematic reviews of high
quality will become feasible. In recent years checklists have been
developed to improve the quality of animal studies45,50. Imple-
menting such initiatives will improve the quality of individual
scientiﬁc papers on animal experimentation. Moreover, as a
consequence, numbers of animals used would be expected to fall,
and will set in motion better translation to the clinic and increases
patient safety16,45,53,54.
Because of the poor reporting of experimental details it was not
possible to assess how the results of this review might have been
affected if studies with a high risk of bias were excluded from the
analysis.
Third, results on long term effect of meniscus allograft trans-
plantation on articular cartilage are not provided in the current
systematic review. Our sensitivity analysis showed that results did
not change if 6 instead of 3 months was used as a minimum time
point of data collection. Damage to articular cartilage would be
expected to be progressively more severe if even longer endpoints
would have been used. Since both meniscus allograft trans-
plantation and meniscectomy cause damage to articular cartilage it
is imaginable that both interventions ultimately lead to end stages
of osteoarthritis. To what extent meniscus allograft transplantation
is able to postpone disabling end stages compared to meniscec-
tomy, remains unknown.
Regarding translation from pre clinical animal models to clinical
practice, several aspects should be addressed. First, consistent re-
sults across species and models do provide some reassurance that
the observed effect is reliable, and that humans might respond
similarly. Moreover, the minimal invasive arthroscopic procedures
used in humans may have less detrimental effect on cartilage
compared to the extensive open procedures used in animal ex-
periments, which could improve the outcome of meniscal allograft
transplantation. Finally, whereas graft sizing was only scarcely
mentioned in animal experiments it is commonpractice in humans.
From a biomechanical point of view, proper graft sizing leads to
better load distribution, which is an important factor for a suc-
cessful outcome of meniscal transplantation55.
However, some aspects interfere with translation to clinical
practice. First, in pre clinical animal models the meniscus allograft
is transplanted in a “pristine” knee. Here, damage of articular
cartilage is the result of both the surgical procedure and the
meniscus allograft only. In contrast, clinically, a meniscus allograft
is transplanted in a knee that has undergone a trauma large enough
to cause considerable damage to the meniscus. This trauma may
even well have damaged the cartilage directly, limiting the theo-
retical treatment effect of a meniscus allograft.
Second, we demonstrated that both meniscectomy as well as
meniscus allograft transplantation will cause degeneration of
articular cartilage. This raises the question as to what extent the
theoretically lesser damage to articular cartilage after meniscus
allograft transplantation gives rise to a clinicalmeaningful reduction
or delay in clinical (disabling) osteoarthritis, and subsequent need
for total knee arthroplasty. However it should be noted that, not all
patients who develop damage to the articular cartilage, or evenradiographical established osteoarthritis, will end up with clinical
disabling osteoarthritis56e58. Subsequently, a next question would
bewhat the cost per health unit gainwould be of meniscus allograft
transplantation. These questions can only be addressed with infor-
mation obtained from a (randomized) controlled clinical trial.
Rosso et al. explain their inability to analyze the chon-
droprotective effect of meniscus allograft transplantation because
of the lack of standardized evaluation methods (e.g., radiographi-
cally different grading scores were used to evaluate joint changes).
However, a more important limitation in human studies is the lack
of control groups. To be able to demonstrate any positive effect of
meniscus allograft transplantation in humans, a control group of
patients undergoing meniscectomy is imperative. Only 1 out of the
55 articles on human meniscus allograft transplantation identiﬁed
by Rosso et al. used a control cohort of meniscectomized patients.
However, it concerned a historical cohort and comparisons were
made on subjective assessment rather than evaluating the status of
articular cartilage59. This lack of control groups limits us to directly
assess to what extent results from animal experiments in meniscus
related research can be translated to humans.
In conclusion, this systematic review with an average follow up
of included studies of 28 weeks (range [12 weeks; 30 months])
demonstrates that, in animals, although meniscus allograft trans-
plantation does not protect articular cartilage from damage, it re-
duces the extent of it when compared with meniscectomy.
Consistent results across species and models do provide some
reassurance that this observed effect is reliable, and that humans
might respond in a similar manner.
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